Paper presents the analysis of the investigation results of vibrational accelerations and beating amplitudes of the downhole drilling motor, which help to define the ranges of optimum energy characteristics of the gerotor mechanism, ensuring its stable operation.
leads to the impossibility of adjusting the azimuth and zenith angles. The change in the rigidity of the bottom part of the drilling tool and the drilling parameters, which involve reducing the rotation frequency of the drilling string and controlling the weight on the bit, partially solves this problem, but the increase in frequency is limited by the technical characteristics of using top drive systems [2] .
It should be noted that an increase in the amplitude of torsional vibrations can lead to accidents in the lower part of the BHA. Changing the rigidity of the BHA, for instance, using the material properties of the tool, the length or diametric ratios of drilling pipes, can partially solve this problem and will allow increasing the range of rotation frequency parameters of the top drive from 120 to 140 rpm. Herewith, the controllability of the BHA will decrease, and risk of string sticking and keyseating will increase.
Considered torsional vibrations, which are associated with the rotation of the drilling string, taking into account such factors, as the well profile and the stressed-deformed state of the tool do not give a complete picture of the dynamically active system operation and the causes of the onset of resonance of the system [10, 11] .
For a more detailed study of the BHA dynamics with the inclusion of the RSS it is required to study all sources, causing the arising of lateral and axial vibrations. One of such sources is the power screw section, which is installed in the RSS. By virtue of its design feature, this element is presented by a gerotor mechanism that performs its axial and lateral oscillations independent of the DS and drilling bit.
The systems of Baker Hughes Company can be attributed to the RSS, which contain the power screw section: AutoTrak™; AutoTrak Curve™; TruTrak™ and VertiTrak™ vertical drilling systems (see table) . The rotation of the DS combined with the RSS, which is represented by a different-rigid length elastic rod, bounded by the walls of the well and located in an variable stressed-deformed state (SDS), causes an arising of complex forms of forced, axial, transverse and torsion oscillations.
The RSS with the power screw section by Baker Hughes
Changing frequencies and amplitudes of drilling bit are mathematically difficult to determine. In practice, a three-position accelerometer is located to measure the vibration of the bit in the telemetry system, which allows controlling the acceleration of the BHA [13, 14] . According to the passport data of the equipment used for geophysical survey of the wells, in order to avoid damage to the elements of the drilling string, vibration accelerations from 30 to 45 g are allowable. Maintaining the required vibration accelerations is possible by controlling the dynamics of the system «drilling bit -rotary steerable system with power screw section -drilling string».
Drilling string and a downhole drilling motor, combined into one system, have a different nature of energy transfer. The dynamics of the drilling string is determined by the mechanical energy, which is transmitted from the top drive, while the operation of the power steering section of RSS is based on the conversion of energy by the flow of drilling fluid pumped by the mud pump units.
The presence of combined rotational, lateral, axial and torsion oscillations of the drilling bit, RSS and DS, which exceed the critical range of vibration accelerations, leads to crippling of the drilling tool, negatively affects the formation of the borehole walls, reduces the quality of trajectory control, and also increases the risk of emergencies represented by unscrewing of the threaded connection and the destruction of the BHA elements.
Maintaining a stable operation of the RSS by regulating the dynamics of the drilling string, the power screw section, taking into account the destruction of the rock by drill bit, will increase the efficiency of well drilling.
Methodology and research results. In order to research the limits of selfoscillations of the «drilling bit -RSS with power screw section -drill string», in the process of translation a rotational movement to it so to deepen the bottom hole, mathematical model proposed by E.K.Yunin and V.K.Khegay was enhanced [7] .
The calculation model for analyzing the behavior of a drilling tool is presented in Fig.1 .
As a result of theoretical studies, the conditions for the development of torsional self-oscillations and the limits of the drilling tool temporary halts so as to identify the values of the parameters of the stable operation mode of the dynamically active system were specified [5, 7] : 2  2  2  2  2  2   1   ;   2  2  2  2  2  2  1   2  2  2  2  2  2  1   ;   2  2  2  2  2  2  1   2  2  2  2  2  2  1   ;   1   1   3   3  3 The dependence of the drilling bit weight on the frequency of top drive rotation and the range of the lower and upper limits of self-oscillations is determined according to system mentioned above (Fig.2) . Input parameters for simulation: According to the presented calculations, self-oscillations arise at a rotational speed of the drilling string from 60 to 65 rpm and a weight on the bit 19 kN. In this case, beginning of the upper limit of self-oscillations corresponds to the parameters of drilling -rotational speed of 50 rpm and a load on the bit from 25 to 35 kN.
Analysis of the research results showed that the interval of optimal frequencies of the RSS power screw section frame beating with the lobe of rotor/stator relationship 6/5 is from 35 to 24.5 Hz. When the screw section is in idle mode, the maximum amplitude of the lateral beats of the frame is 5 mm, whereas the amplitude of axial oscillations is not more than 3 mm. During torque producing the amplitude of lateral oscillations of the frame is decreasing to 3.5-4 mm, and the amplitude of the axial vibration is increasing to 8 mm.
Producing of additional torque of up to 4.5 kN·m leads to an increase in the amplitude of the lateral beats of the screw section frame up to 6 mm and a reduction in the longitudinal amplitude to 8 mm. The frequency of the beats is reduced to 24.5 s -1 (210 rpm), which is 30 % of the idle mode. With an increase in torque from 4.5 to 9 kN·m, the screw section enters the braking (extreme) mode of operation. As a result, there is an intensive increase in the amplitude of lateral oscillations of the RSS frame from 6 to 10 mm, with a corresponding decrease in the amplitude of axial vibrations from 8 to 2 mm [3] .
Comparison of the obtained results on RSS power screw section's oscillations in test bench conditions with the calculated values of the drilling string self-oscillations' limits ( Fig.2) will allow determining the range of stable operation of the «RSS -drilling string» system.
In order to provide the stable operation of the «drilling bit -RSS with power screw sectiondrilling string» system, taking into account the dynamics, it is supposed to use data recorded by measuring devices (three-position accelerometer and gyro compass), which allow determining the vibration of the bit. Knowing the amplitude and vibration acceleration on the bit (depending on the type of bit and the properties of rocks), it is proposed to correct the system calculations in real time. Approbation of research results was carried out on the Vyngapurovsk field. The depth of the well is 2250 m. Assembly is as follows: PDC bit with a diameter of 220 mm; Auto Trak system (with Ultra Motors power screw section) with MWD and LWD measuring devices; string of thickwalled drilling pipes with a diameter of 155 mm-20 m; hydromechanical jar with a diameter of 165 mm and a length of 7.36 m; drilling string with a diameter of 140 mm-2204 m.
According to the geotechnical well testing station and downhole sensors, the weight on the bit is from 50 kN, and the rotational speed of the top drive is 130 rpm. At the same time, the received Shock and Vibration data from the accelerometer and gyroscope indicate that the allowable range of lateral vibration accelerations and BHA movements reflecting the same forced and self-oscillations of the system, are exceeded ( Fig.3) .
According to the accelerometer and gyroscope readings, lateral vibration accelerations range from 45 to 50 g, and lateral vibrations are more than 10 inches. The lateral movements of the BHA by 9-10 inches show that the tool at the installation site of the gyroscope is pressed against the borehole wall. Fig.3 also shows that the discrete length of the BHA half-wave represented by the elastic rod is in constant contact with the borehole wall (maximum displacement of the tool axis from the borehole axis) and without the presence of eccentricity. Figure 2 reflects the limits of BHA self-oscillations, so it can also be seen that the operation of the «RSS with a power screw section -drilling string» system at set parameters of top drive load and rotation frequency (50 kN and 130 rpm) is in the range of the resonance lower limit (area I). In order to ensure the stable operation of the system, a gradual increase in the rotational speed to 145-165 rpm (2.75 s -1 ) is made. As a result, the amplitude of lateral vibrations (area II and III) is reduced to 2.5 inches and the vibration acceleration is no more than 10 g.
Conclusion.
Based on the mathematical model, which characterizes the dynamics of the drilling string during rotary drilling and the real-time accelerometer and gyroscope data, a method is proposed for determining and predicting the self-oscillation limits and the onset of the BHA resonance.
Adjusting the range of lateral vibration accelerations and movements of the drilling tool elements, which show match of forced and natural oscillations by changing the weight and torque frequency characteristics of the «drilling bit -RSS with a power screw section -drilling string» system, ensures the consistency of operation of high-intelligence rotary BHA.
